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Abstract
~ "Molecular weight measurements of polyurethane block copolymers have been

made using a GPC multi-detector method and compared to values obtained

distribution calibration standard)technique. The multi-detector method

proposed in this paper produces more accurate molecular weight,values and thus
its use{shouid allow for better understanding of molecular weight effects on th;>
structure-property relationships of polyurethane block copolymers. The multi-
detector technique can also be used to obtain Mark-Houwink constants and the
distribution of average segmental composition with molecular weight.{‘Mark-
Houwink parameters obtained using the multi-detector method appear to be more
accurate than values calculated using an approach based on broad molecular weight
distribution calibration standards and suggest that for a series of polyether
polyurethanes in THF, the solvent power decreases with increasing hard segment
content. A comparison of the molecular xgight va{ues obtained using the

various methods indicates that the relgiivégﬁg_va1ues normally reported based

on a polystyrene calibration can be considered as an upper bound on the absolute
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Abstract

Molecular weight measurements of polyurethane block copolymers have been

made using a GPC multi-detector method and compared to values obtained

S z: by the conventional polystyrene standard method and a broad molecular weight
;sa; distribution calibration standard technique. The multi-detector method

. proposed in this paper produces more accurate molecular weight values and thus
Eq : its use should allow for better understanding of molecular weight effects on the
:}ig structure-property relationships of polyurethane block copolymers. The multi-
e detector technique can also be used to obtain Mark-Houwink constants and the
;?'K distribution of average segmental composition with molecular weight. Mark-
iﬁkn Houwink parameters obtained using the multi-detector method appear to be more
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accurate than values calculated using an approach based on broad molecular weight

X

'.,“

distribution calibration standards and suggest that for a series of polyether

K
::il polyurethanes in THF, the solvent power decreases with increasing hard segment
S
- content. A comparison of the molecular weight values obtained using the
Qﬁf various methods indicates that the relative ﬁw values normally reported based
SN
e on a polystyrene calibration can be considered as an upper bound on the absolute
~ -
, M, value.
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i INTRODUCTION

Linear polyurethane block copolymers are normally a condensation product

:& of three monomers: an oligomeric diol, typically a dihydroxy-terminated

E{ : polyether or polyester with a number average molecular weight of 500-3000;

: a diisocyanate that is generally aromatic; and a low molecular weight

g_ aliphatic diol chain extenderl. The final polymer structure is represented

55 as being of the (AB)n type where A and B represent so-called hard and soft
segments. The precise definitions of the hard and soft segments vary in the

5} literature; in this investigation the soft segment is defined as that portion

t} of the polymer chain originating from the polyether or polyester oligomeric

4 diol while the hard segments are either single reacted diisocyanate units or

?; reaction products of the diisocyanate and chain extender monomers. A typical

ﬁ% structure of a polyurethane block copolymer is shown in Figure 1. The

* terms hard and soft segments arise from the fact that at room or service

X temperatures the soft segments are normally in a rubbery or viscous

\

:3 state while the hard segments are crystalline or glassy. In the solid state
the hard and soft segments tend to phase separate to produce hard and soft

;; segment-rich phases; this two phase structure gives rise to the interesting

’,3 and useful properties of these mater1a152’3. The fact that polyurethane block

: copolymers exhibit useful properties that can be influenced in numerous ways

;:: has stimulated a large number of investigations on the structure-property

if relationships of these mater1a1s3’4.

v R One area that has received relatively little attention is the effect

! of the overall molecular weight (as opposed to segmental molecular weights)

?E on the structure-property relationships of polyurethanes. Practically the

~$! only reported investigations explicitly designed to study the effect of

)

:

3
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overall molecular weight on the properties of polyurethanes were carried
out by Schollenberger and Dinbergss’G. Most structure-property investigations
of polyurethanes, however, implicitly or explicitly assume no effects due to
molecular weight and molecular weight values are normally not reported. No
doubt the lack of attention directed towards the effects of molecular weight on
the structure-property relationships of polyurethanes is at least partially due
to the difficulty of obtaining meaningful molecular weight data. Absolute
molecular weight data is difficult to obtain for polyurethanes and copolymers in
general because in addition to a molecular weight distribution copolymers will
normally exhibit a distribution of compositions7'1°. In particular, for
polyurethanes their generally poor solubility in common solvents, the use of
three instead of two monomers in the polymerization, and the possibility of
species produced by side reactions such as allophonate crosslinking are
additional complicating factors. Thus, when molecular weight data are presented
in the literature only relative values based on gel permeation chromatography
(GPC) data and a po1ystyrene standard calibration curve are usually given, and
it is not even clear whether these relative values are an upper or lower bound
on the absolute molecular weight values. Furthermore, these relative

values will most likely be markedly influenced by the choice of GPC solvent

and the chemical composition of the polyurethanes, making comparisons between
different samples difficult.

The major objective of this investigation was to evaluate existing methods
and develop a better method for obtaining more accurate molecular weight values
for a series of polyether polyurethanes with different hard segment contents.
Two approaches, one based on GPC data and the use of broad molecular weight

11-16

distribution calibration standards and one based on a GPC multi-detector




met:hod”"19 were used. The application of the GPC multi-detector method to

;r} copolymers is not new. However, most of the researchers using refractive

%ﬁ| > index (RI) detectors in combination with one of three other detectors,

€$§ u]travioletzo (Uv), infrared (IR), or light scattering (LS), have

;ﬁf B not fully utilized the universal calibration principle to calculate

?E.:o viscosities and estimate Mark-Houwink parameters. In this paper, we

‘gﬁf demonstrate that combining the multi-detector method and the universal

I calibration principle information such as molecular weight distribution,

gk composition distribution, Mark-Houwink parameters, and copolymer

B;, viscosity could be obtained in a single measurement. Broad molecular

§ A weight distribution calibration methods are reviewed briefly and compared

-E: with the GPC multi~-detector and conventional polystyrene standard methods.

!ia In this investigation no attempt was made to evaluate the effects of

3 molecular weight on structure-property-relationships.

i

. E BACKGROUND

" Gel permeation chromatography is widely used to obtain polymer molecular
ﬁij weight distribution information. The usefulness of this technique is enhanced
§§ by the use of the universal calibration curve21'25. Under the universal

e calibration formalism, two polymer molecules i and j regardless of their

}ﬁé chemistry, eluting at the same retention volume Vj have the same hydrodynamic
éé. volume, Mi[n]1 = Mj[n]j, where M, and [n]; are the molecular weight and

L intrinsic viscosity of polymer i. For any linear polymer, if the Mark-Houwink
fjf; expression ([n] = KM?) in the mobile phase is known, then the molecular weight
gzi distribution can be calculated by comparing the measured sample GPC curve with
i.l
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that of a polystyrene standard (narrow molecular weight distribution)

calibration. If the Mark-Houwink parameters K and a are not known, then they

can be back calculated by broad molecular weight distribution methods!!™13. A

parameter J 14-16 j5 gefined as J; = Mj[nl;. It can then be shown that!?
[n] = K1/(a+1)z(N1Jia/(a+l)) (1)
and that
ﬁn - K-ll(a+1)/z(“idi-1/(a+l)) (2)

where W, is the weight fraction of the ith stripe of the chromatogram.
An analogous expression for ﬁw can also be derived. If two of the three
parameters [n], ﬁn' or ﬁw are known from other measurements (viscometry,
osmometry, or light scattering) the equation can be solved to yield K and a
along with the value of the other parameter. Once K and a are known they can
be used to calculate molecular weight distributions.

Another way to obtain the molecular weight distribution of a polymer from
GPC measurements is to use a light scattering spectrometer as a GPC
detector17'19. The intensity of scattered 1ight is expressed in terms of
Rayleigh factor. The quantity used to calculate the molecular weight in the ith

stripe of a GPC chromatogram, however, is the excess Rayleigh factor:

Ra,i = Re,i(so1n) e, i(s01v) (3)
where Re,i(soln) and Re,i(solv) refer to Rayleigh factors of the solution
and solvent, respectively, in the ith stripe of the chromatogram. At Tow
concentrations and low scattering angles, the scattered intensity can be

described by

HC,,/RO’i = l/Mi + 2A2C1 (4)

where M, is the molecular weight, A, {mole cm3g'2) is the second virial

coefficient, and Ci (g/cm3) is the polymer concentration. In the range of this




i ®
i study C; is on the order of 10'4(g/cm3), therefore the second term in
%&‘ Equation (4) can be neglected. The quantity H (in units of mole cmé 9'2)
":ﬁ‘: ’ is an optical constant defined by:
)
B H = 2n?nZ(dn/dc)2/Ny0d (5)
e
o with n, (dn/dC), N,, Ay» being, respectively, the refractive index, the specific
Eg, refractive index increment, Avogadro's number, and the wavelength of light
‘ in vacuo. The concentration in the ith stripe can be calculated from the
éé concentration detector peak.
iy C; = mhy/V,(Ehy) (6)
) where m is the injected mass, v is the retention volume passing through
;§§ the detector cell during the ith stripe, and hy is the corresponding
E:j height of the ith stripe. The scattered intensity of the sample effluent
can be continuously monitored and the data converted to molecular weight
;3 values through application of Equation (4). If the molecular weight at
;f: each retention volume on the GPC chromatogram were known, one could simply
f‘ perform the standard summations to calculate Mn and ﬁw'
'H For a multi-block copolymer containing hard and soft segments, dn/dC is
f* a function of the composit'ion?‘ﬁ'27
‘;; (dn/dC), = W (dn/dC)¢ + W, (dn/dC)y (7)
%E where (dn/dC), is the refractive index increment of the copolymer, (dn/dC),
Q; is the refractive index increment of the soft segment and (dn/dC), is the
,:3 ' refractive index increment of the hard segment. V. is the weight fraction
3§§ of the soft segment, W, is the weight fraction of the hard segment. The
'} weight fraction of the hard segment is defined by the ratio of the hard
:[} segment molecular weight to the overall molecular weight (Nh = Mh/(Ms + Mh),
b
<,
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where Mh and Ms are the molecular weights of the hard and soft segments,
respectively). At each retention volume, due to variations in composition

with molecular weight the refractive index increment (dn/dC); is not equal

to the overall refractive index increment (dn/dC)o. With the help of a second

"Jh detector such as a UV or IR spectrometer, which responds only to the presence
!;fg of one segment type (either hard or soft), the value of (dn/dC)i for each

;:¢ stripe of the chromatogram can be calculatedzs. Therefore, the molecular weight
e of a copolymer at each stripe of the chromatogram can be evaluated. The

uﬁs detailed calculation is presented in Appendix I.
3.:. EXPERIMENTAL

i_« The samples used in this investigation were five polyether polyurethanes
isiz (PU) with different molar ratios of MDI/BD/PTMO-1000 (4,4' diphenylmethane
Eéﬁ; diisocyanate/butane diol/polytetramethylene oxide with in = 1000) (Table 1)
o and thus different hard segment contents. All of these materials were

i}iﬁ synthesized using a standard two step solution polymerization28 except for
iFii the PU 5/4/1 sample which was polymerized in a one step solution reactionzg.

7 :_ Yapor Pressure Osmometry (VPO)

\;;.. The number average molecular weight (ﬂn) of the polyurethanes was

:;E determined using a Model 11.00 vapor pressure osmometer (Knauer).

e Measurements were made at 4 or more concentrations at 39°C in THF

E (tetrahydrofuran) and extrapolated to zero concentration. Polystyrene

Eiz standards with in values in the appropriate range were used for calibration.

;; Viscometry

%ZEE The reduced viscosities of polystyrene and polyurethane in THF at four
zzgz different concentrations were determined at 30°C using an Ubbelohde dilution
% viscometer. Both the Huggins30 and Kraemer3! relations were used to extrapolate
:%g the data to zero concentration to obtain the intrinsic viscosity. A Mark-

iy
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'. Houwink expression can be determined from the polystyrene data; the

?::: calculated K and a values calculated using ﬁn values provided with the
'EEE:; | polystyrene standards were 1.90x10'4 and 0.68 respectively.

". Differential Refractometry
'}E The refractive index increments of the PTMO-1000 oligomer and the
;.'. polyurethane samples in THF at 30°C were measured with a KMX-16 Laser

‘ Differential Refractometer (LDC/Milton Roy). The refractive index increment
: of the hard segment was calculated using Equation (7). The results are
:i summarized in Table 1.

1 Gel Permeation Chromatography-Light Scattering Detector System
A A schematic diagram of the GPC/LS system used is shown in Figure 2.

':; | It contains a Model 114M pump (Beckman), Model 7125 sample injector (Rheodyne),
= a series (pore size, 50 A, 100 A, 500 A, 103 &, 10% &) of u-spherogel columns
;‘.: (A1tex), LC 750 column oven (Modular), KMX-6 Low-Angle Laser Light Scattering
:‘s Photometer (LDC/Milton Roy), Model 165 variable wavelength UV detector
b (Beckman), Model 156 refractive index detector (Altex), and a Model 500 chart
,';' recorder (Linear). The mobile phase was degassed HPLC grade THF
E (Aturich) (uninhibited) flowing at 1 ml/min. The column temperature was held
2 constant at 30°C. The UV detector was set at 285 nm.
', Sample Preparation
WE;_E A11 the polymers were dissolved in THF. Stock solutions of polyurethanes
! - were prepared gravimetrically (w/w). For injection, a solution of a PU with a
' known concentration (w/v) was prepared by volumetric dilution of the stock
i solution. A1l solutions for injection were filtered through a 0.2 micron

' Fluoropore filter (Millipore Corp.) to a 200 ul sample injection loop.

3
N
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R RESULTS AND DISCUSSION

A universal calibration curve for our instrument was constructed from GPC

o data and intrinsic viscosities of commercially available polystyrene standards.

. The universal calibration curve is shown in Figure 3 and can be expressed

fr analytically by the following calibration equation:

"-' Tog[nM = -1.02 + 6.52V - 0.67v% + 0.024v3 - 0.29x1073v4 (8)

»f' A similar expression can be derived for a normal polystyrene standard

a calibration curve (log M = 0.91 + 3.99V - 0.41v2 + 0.014v3 - 0.17x1073v4)

;5 and an intrinsic viscosity calibration curve (log n = -2.12 + 2,55V

& -0.26v% + 0.95x10°2v3 - 0.11x1073v*). In both cases it is apparent that the
correct polystyrene standard molecular weight value to use in constructing the

13 ‘ calibration curve is ﬁn 13. This is important for copolymers because due to

'E | their composition distribution there is still even at infinite resolution

) a distribution of molecular weights in any given fraction coming off the GPC.

_;é Table 2 contains molecular weight values determined using the normal

5;: polystyrene standard calibration along with experimentally determined

= intrinsic viscosity ([n]) and Mn (from VPO) values for the five PU samples.

Pi In a1l cases the calculated Mn values (PS equivalents) are higher than the

;f experimentally determined values. Based on the universal calibration principle

o this trend can be taken as an indication that the intrinsic viscosity in THF at

;1 30°C for a polystyrene fraction of a certain molecular weight is lower than the

EE intrinsic viscosity of the polyurethane fraction with the same molecular weight.

X A simple method to partially account for the effect on molecular weight

Ef values of the difference in viscosities is to multiply the calculated

.E molecular weight value by the ratio of the polystyrene intrinsic viscosity

i to the PU intrinsic viscosity32. The PU [n] value needs to be determined

EE experimentally while the appropriate PS [n] value can be calculated using }

:

@
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,, known Mark-Houwink parameters and M from the normal polystyrene calibration
Rt

i curve or from an intrinsic viscosity versus retention volume calibration
TR

L curvell. These 'adjusted' values are also reported in Table 2 for both

,}:‘ M, and M, and in all cases the values are reduced indicating that [nlps is
Ly _

) always less than [nlpy. Note that the adjusted Mn values are in reasonably
e, good agreement with the M values determined from the VPO data especially
3&&: considering the rather large experimental errors associated with VPO data
S

and the questionable validity of the standard method used to calibrate the

gl VP01°’33. It is interesting to note that the 'adjustment factors' which

q%i. range from about .6 to .9 are considerably higher than a value of .23

e calculated in a similar manner for polyester polyurethanes 2. It should also
Q%g be noted that the 'adjustment procedure' is probably more valid for Mn
1;:, | vatues!3.
o Another common and very simple method for estimating molecular weight
;2§3 values is to take the peak retention volume of the sample and calculate the
%:éz PS equivalent value based on a normal polystyrene standard calibration curve.
Lo Both ﬁn and ﬁw values can be calculated in this manner using PS calibration
T;ﬂ curves based on PS ﬁn and ﬁw values respectively. However, since for most
i;& broad molecular weight distribution materials ﬁw is much closer to the peak
b molecular weight than ﬁn’ the technique is normally only used to calculate
;BQZ ﬁw values, ﬁw values calculated from the peak of the curve as described
.jsi above are included in Table 2 for comparison. Note *hat these values are

?7 generally higher than the PS equivalent values based on the entire GPC
‘:EB | curve. These 'PS equivalent peak' molecular weights could also be ‘'adjusted'
EFS in the same manner noted above.
g A better and more sophisticated method for accounting for the
gﬁ? difference in the intrinsic viscosities of the PS standards and the PU samples
3
&
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is as noted previously to employ a broad molecular weight distribution

. standard approachll'ls. This technique requires normal GPC data and

f:ﬁ two of the following three additional data values, either n, ﬁn, or ﬁw

i;t for the whole sample determined separately. Since ﬁw and [n] are

“3Q’ normally highly correlated it is usually not practical to generate reasonable

Eig' results using these two parameters. The variation that produces the best

'gsf results is to use two samples with different viscosities of the same polymer
16

type ~. This approach is less satisfactory for polyurethanes since one

-
et ]
*

(]

a

T cannot be sure if the difference in viscosities is due to differences in
;Sﬁg molecular weight distributions as the calculation assumes, or differences
;;:. in the composition distributions. Using a broad molecular weight distribution
ﬁsav as described previously with ﬂn and [n] values, we were able to determine

-h'}.f':
AL

-
'
>
»

the molecular weight values and Mark-Houwink constants for the series of

polyurethane samples as shown in Table 3. Note that the calculated Hn and

2~j? [n] values agree exactly with the experimental data because these are the

;sgs values that are matched in order to determine K and a.

ﬁf’ Except for sample 6/5/1 which has a much broader MWD than the other

é%na samples the ﬁw values in Table 3 are considerably lower than the PS

3&5 equivalent values displayed in Table 2. The ﬁw values are also lower than

;Lf the ‘adjusted' PS values indicating that while the simple adjustment

é'ig procedure leads to more accurate values it does not completely account for the

ftﬁi difference in viscosities over the whole GPC curve. Finally, it should be

‘f‘l noted that while the K and a values calculated using the broad MWD standard

';ﬁl calibration method are reasonable (.5 < a < .8) 34 there is no discernible

;ig? trend with sample hard segment content. The lack of a trend in the a values

A
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may be because the calculated a value is very sensitive to small experimental
errors in M_ and [n] 16

The final method for determining molecular weights evaluated in
this study was the GPC multi-detector method described previously.
Table 1 displays refractive index increments for the five PU samples
and the PTMO-1000 oligomer. The refractive index increment for the hard
segment position of each PU sample was calculated using Equation (7) and
the PTM0-1000 value for the soft segment refractive index increment. The
calculated values of (dn/dC), (Table 1) are approximately constant as
would be expected. Figure 4 displays the chromatograms from the three
detectors. Note that the light scattering detector is more sensitive
at high molecular weights (Tow retention volumes). The UY and RI
detectors display similar responses indicating that the average composition
of the sample does not change appreciably with molecular weight. Figure 5
displays the refractive index increments of the hard and soft segments and the
whole sample versus retention volume for sample PU-2/1/1 (Eq. (A-2, A-3,
A-4)) (Appendix 1). Figure 6 shows the calculated molecular weight distribution
for sample PU-2/1/1 (Appendix 1) while Figure 7 demonstrates the fitting of
equation (A~6) to the log M versus retention volume data for sample PU-2/1/1 to
obtain the Mark-Houwink parameters. Using the multi-detector approach proposed
in this paper, we can also calculate the viscosity of the polymer in each
fraction as well as the overall viscosity of the polymer (Eq. (A-7) (A-8) and

Fig. 8). Table 4 displays the calculated K, a, M ﬁw and [n] values along with

n)
the experimentally determined ﬁn (vP0) and [n] values for all of the PU samples.
The calculated viscosities agree quite well (less than 2%) with the measured
viscosities. The agreement between the calculated and measured &n values is

also good (<10%) considering the accuracy of the VPO data.
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. In comparison with the simple PS calibration method (Table 2) the multi-

§. detector approach 1ike the broad MWD standard calibration technique gives

E: rise to lower ﬁw and ﬁn (except when the ﬁn values are adjusted). Thus, the |
:E relative ﬁw values calculated using the PS calibration should be considered as )

upper bounds on the true ﬁw values. Comparing molecular weight values - B
calculated using the multi-detector (Table 4) and broad MWD (Table 3) approaches d
shows no obvious trend in either the ﬁw or ﬁn values. Figure 9 shows

molecular weight distributions for sample PU-2/1/1 calculated by the three

methods; the broad MWD standard and multi-detector curves are almost p
jndistinguishable while the PS equivalent curve deviates from the other two y
by about 20%2. The a parameters calculated using the multi-detector method

do decrease with increasing hard segment content. This trend indicates

- that, as expected, THF is a better solvent for the soft segments than the

hard segments (note that THF is a non-solvent for the pure MDI/BD hard

AP <

segment). Since the broad MWD standard approach did not give rise to a
3 discernible trend in a values with hard segment content it would appear to 4
be less satisfactory.than the multi-detector method. The multi-detector
. method is also favored because it does not rely on independently determined
‘ viscosity or molecular weight values and, thus is not affected by
experimental errors in those measurements. This is particularly important
) because of the large errors associated with Hn values determined by VPO,
W especially if the samples contain low molecular weight impurities. The
X other advantage of the multi-detector method is that, as described below,
it does provide some information regarding the composition distribution and
can take into account the effect of a drift in average composition with
' molecular weight.

The average composition in terms of hard and soft segments can be

LW 7vvru.‘-*p’-,-’-.--...v...A.,
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determined using the multi-detector method by proper manipulation of the
data from the UV and RI detectors as a function of retention volume
(Appendix I). Figure 10 displays data calculated in this fashion for sample
PU-2/1/1 where the retention volumes have been translated to molecular weight
values. The variation in average composition is not large but is still
appreciable. This variation in average composition is taken into account by the
GPC-multi-detector method in its calculation of molecular weight but is ignored
by the broad MWD standard approach. The latter method implicitly assumes that K
and a are unaffected by changes in composition. This assumption does not
dramatically affect the calculated molecular weight values because these samples
do not exhibit a large trend or drift of average composition with molecular
weight. It is not surprising, however, that the a values calculated using the
broad MWD standard approach do not show a discernible trend with sample
composition. It should be noted that the K and a values calculated by the
multi-detector method take into account the composition distribution through
the molecular weight and viscosity value used in their calculation. However,
since there should be separate K and a values at each composition, the K and a
values (Table 4) calculated by the multi-detector method (Appendix 1) are
effectively averaged values over the composition range.

Although the GPC-multi-detector method does account for changes in
average composition with molecular weight which should allow for more accurate
molecular weight values, particularly when the average composition does vary
appreciably with molecular weight, the values calculated using this method
are still not absolute or true values. This is because, as noted previously,
at each retention volume there is a distribution of compositions and thus
a distribution of molecular wefights. That is, the polymer molecules passing

through any of the detector cells at a given time will not necessarily have

S

'.f I
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the same molecular weight dus to composition differences (in addition to
any resolution or band broadening effects). This will Tead to a deviation
of the molecular weight calculated at each retention volume from the light
scattering data analogous to the deviation in an overall ﬁw measured by
static light scattering on a compositionally heterogeneous copolymer8’9'27.
Furthermore, the multi-detector method as used here ignores any potential
hard or soft sequence length effects on the RI and UV responses35-

Nevertheless, the good agreement between the calculated and

experimentally determined ﬁn values (which at least theoretically are
unaffected by the composition distribution) suggests that for the PU samples
investigated here the multi-detector method gives values that may be within
experimental error of the true values. That is, the effects of compositional
heterogeneity appear to be small enough so that they are effectively masked
by experimental errors.

One final point should be made regarding the ﬁw/ﬁn values calculated by
the various methods. Both the multi-detector and broad MWD standard approaches
give rise to ﬁw/ﬁn values (except for sample 6/5/1) that are close to 2 which
is approximately the ideal value for a homogeneous solution polymerization7-
The PS equivalent method leads to iw/ﬁn values which if assumed to be

36,37

accurate would suggest that non-ideal effects such as reactivity of

functional groups depending on molecular weight are occurring during the

sample polymerization. This demonstrates that potential erroneous conclusions
can be drawn when the simple polystyrene standard approach is used. The 6/5/1
sample has a much larger ﬂw/ﬁn value no matter what method is used for
calculation. This large M /M value is likely a result of solubility problems
during the solution polymerization which could rise to effects similar to phase

separation in a bulk po1ymerization36'38. A comparison of the methods used and
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the information obtained is summarized in Table 5.

SUMMARY
23 ‘ Several methods for determining the molecular weights of a series of
N polyether polyurethanes have been evaluated. Simple polystyrene calibration
ﬁE methods give rise to values that are generally too high and could be
% considered as an upper bound on the true values. These values can be
' adjusted using a simple ratio of viscosities but the molecular weight values
f ' still appear to be high. The broad MWD standard approach and the GPC
é? multi-detector method both lead to more accurate molecular weight values.
v The multi-detector method is favored over the broad MWD standard approach
ﬁ because it does not depend on independently determined sample parameters and it
g takes into account the effect of a changing average composition with molecular
z‘ weight. Thus it should give rise to more accurate molecular weight values and
‘Ej Mark-Houwink parameters especially when the average composition varies
fg appreciably with molecular weight. The Mark-Houwink parameters calculated
QT using the multi-detector approach indicate that THF is a better solvent for
‘if the polyether soft segments than for the hard segments as expected. Although
72 the multi-detector method does account for changes in the average composition,
- the existence of a composition distribution in any given fraction coming
g{ off the GPC as well as possible hard and soft segment sequence length effects
i; on the RI and UV detectors as well as hydrodynamic volume preclude labeling
0; the values calculated using the multi-detector approach as absolute or
'ig true values. Nevertheless these effects appear to be small for the
;ﬁ samples studied especially in comparison to the experimental errors. The
f' more accurate molecular weight values that can be obtained using the
ﬁ; multi-detector method should allow for a more quantitative determination
Bo?
v
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of molecular weight effects on the structure-property relationships of

polyurethane block copolymers.
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Appendix I
Procedure for Calculating the Composition and Molecular Weight Values
using the Multi-Detector Method
The UV chromatogram taken at 285 nm was divided into equivalent stripes
and for each Vi value, the corresponding composition of the hard segment was
calculated by
Cin = hy,i/Thy 1%Con (A-1)

where cih is the concentration of the hard segment in the ith stripe,

coh=whxc°. where C° is the copolymer concentration and coh is the concentration

of the overall hard segment. The corresponding refractive index difference
of the hard segment was then calculated:

dn;, = (dn/dC) xCyp (A-2)
where dngp is the refractive index difference of the hard segment in the ith
stripe and (dn/dC), is determined using Equation (7) and experimentally
determined values. The copolymer refractive index difference was calculated
from refractive index chromatogram as follows:

dn; = (hR,i/ZhR’i)x(dn/dC)oxCo (A-3)
where dn, is the refractive index difference of the copolymer in the ith
stripe, hR,i is the height of the ith stripe of the RI chromatogram and Co
is the overall copolymer concentration. The soft segment refractive index
difference was calculated indirectly from the refractometer response by:

dnyg = dny - dnyp (A-4)
where d"is is the refractive index difference of the soft segment in the ith
stripe. The corresponding soft segment concentration was calculated by

Cis = dn;s/(dn/dC)y (A-5)
where Cis is the soft segment concentration of the ith stripe. The polymer
concentration of the ith stripe (Ci) is the sum of the soft and hard segment

concentration in that stripe (Ci = C15 + cih)‘ The hard segment composition
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of the ith stripe (Hih) is the ratio of hard segment concentration to the
lf overall polymer concentration in that stripe (Nih = Cihlci)' The soft
" segment composition of the ith stripe is Nis = 1-Wjp. The weight fraction of

the copolymer at the ith stripe (wi) is the ratio of polymer concentration of

.ié the ith stripe to the overall polymer concentration (W, = C;/C ). The
S refractive index increment of the copolymer of the ith stripe was calculated
L by Equation (7). The molecular weight of the copolymer in the ith stripe
;21 was then calculated from data obtained from the light scattering detector
?f using Equations (4) and (5).
“i Since the molecular weight at each stripe 1 is known, the Mark-Houwink
;ﬂ parameters can be obtained by fitting the following equation derived by
fi% substituting the Mark-Houwink expression for [n] in Equation (8)

TogM, = ((-1.02-1ogK)+6.52Y-0.67v2+0.028v°-0.29x1073v*)/ (a+1) (A-6)

and fitting the experimental M; versus V; data. The weight average and the

SN

number average molecular weights were calculated using the standard summations

-
a

(ﬁw = IM;xW;/IW;) and (ﬁn = IW;/IW;/M ). The viscosity of the ith stripe

St

was calculated by

2

o 5

[nl[ = Ji,S/M‘i (A-7)

5o

where Ji s is the hydrodynamic volume determined from the polystyrene

a0
..

calibration. The overall viscosity of the copolymer was then calculated by

[n] = oW;[n], (A-8)

1

-

and compared to the experimentally measured value.
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Table 1

Refractive index increment in THF of the copolymer,
soft segment, and hard segment

*

Sample (dn/dC)o (dn/dC) ¢ Wp (dn/dC),
PTMO(1000) 0.063+0.002

MDI/BD/PTMO-1000

2/1/1 0.133£0.002 0.37 0.25%0.01
3/2/1 0.147£0.002 0.48 0.24£0.01
4/3/1 0.169%20.002 0.56 0.24+0.01
5/4/1 0.176%£0.002 0.62 0.24:0.01
6/5/1 0.180+0.002 0.66 0.24+0.01

*

weight fraction of MDI and BD in sample based on synthesis conditions
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Table 5

Comparison between different techniques

o me thod broad molecular GPC-multi- polystyrene
weight distribution detector calibration

instrument GPC-R]l detector GPC-LS detector GPC-RI detector
a. viscosity UV detector viscosity
b. osmometry RI detector
c. light scattering viscosity

h“ composition
b, distribution no yes no

3& .................................... aceccececmccccmmcmcmsemee-cesecmcmeme—ce——-

A Molecular
g weight yes yes yes
* distribution

% Mark -Houwink
0 constant yes yes no
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ga. Figure Captions
oL Figure 1 Schematic of polyurethane block copolymer structure
[}

W)
,&J Figure 2 Schematic diagram of the GPC-multi-detector system

s

bt Figure 3 Polystyrene universal calibration curve

.. 0: data, the solid line is the curve fit through the data,
T Equation (11)
A
. Figure 4 Chromatographic data for sample PU-2/1/1
~:? v light scattering detector
el 0: UV detector
O: RI detector

N

22 Figure 5  The refractive index difference vs retention for sample PU-2/1/1
:f v: soft segment

o 0: hard segment
LR, O: copolymer

" Figure 6 Molecular weight distribution for sample PU-2/1/1
:E: : Figure 7 Tog M vs. retention volume for sample PU-2/1/1

> 0: data, the solid line is fit through the data using Equation
5, (A-6)

R Figure 8 Viscosity distribution for sample PU-2/1/1

-F‘-

: Figure 9 Comparison of different methods used in determining the
- molecular weight distribution.
§§ Solid line: GPC-1ight scattering detector method
o Dashed line: broad molecular weight distribution method
Dotted line: polystyrene calibration method

Figure 10 Hard segment composition distribution for sample PU-2/1/1
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